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I. INTRODUCTION

The understanding of speech contaminated by the presence of noise

is an important consideration in many practical communication situa-

tions. The research described in this report details the results of

two related~studies involving speech mixed with additive white noise.

The first study concerns the effects of high-pass and low-pass filter-

ing upon the intelligibility of speech in noise. This study has pro-

vided basic perceptual data concerning the speech in noise situation.

The results of this study are described in detail in a report (1)

(abstract attached) and in a mai..script recently submitted for publica-

tion in the IEEE Transactions on Acoustics, Speech and Signal Processing

(2) (abstract also attached). An overview of the significant results

of this study are contained in Section II of this report.

The second study concerns the development of a method for process-

ing speech mixed with noise to result in an enhancement of its intelli-

gibility. While several processing methods were implemented, the

method explored in greatest detail is based upon a combination of a

spectral subtraction method and a pitch tracking method. The final

intelligibility results obtained using the method did not show that it

resulted in an intelligibility enhancement over unprocessed speech in

noise. However, the results are very enlightening regarding the speech

in noise problem. In addition, it is this author's belief that the

basic processing method has significant potential for enhancing the

intelligibility of speech in noise. Further research will need to be

performed to improve upon the intelligibility results using this method.

An overview of the significant results of this speech processing work

are contained in Section III of this report. Greater detail can be
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found in a recently published report (3) (abstract attached).

The research performed under this grant was intended to consider

only the case where the noise is at the speaker. The case of noise at

the listener has been considered in previous work by the author and

others (4-9). In addition, the work performed under this grant was

restricted to the case of additive white noise. However, the process-

ing method considered (Section III) was purposely designed so that it

could be extended to tbh eo of non-white noise in = ±-iLiy s aighu-

forward manner.

II. THE EFFECT OF LOW-PASS AND HIGH-PASS FILTERING UPON THE

INTELLIGIBILITY OF SPEECH IN NOISE

The research performed in this part of the study is intended to

provide a fundamental background in the speech in noise situation for

the case of noise at the speaker. In particular, this part of the study

is concerned with the effects of high-pass and low-pass filtering upon the

intelligibility of speech in white noise. The goal is to provide basic

perceptual information about the intelligibility degradation of speech

mixed with additive white noise and to provide a quantitative measure

of the contribution to intelligibility of various frequency ranges of

the speech spectrum as a functi -,f speech-to-noise ratio. The re-

sults of this study will be of a g;nificant interest to researchers

pursuing methods for the intelligibility enhancement of speech in noise.

The experimental procedures, speech materials, and speech and

noise measurement methods used are described in detail in a recent re-

port (1). The main intelligibility results are shown in Figures 1

and 2 (reproduced from (2)) for low-pass and for high-pass filtered

speech respectively. Several conclusions concerning these results
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and their implication for the speech in noise situation are presented

in a recent paper (2). For the case of white noise under the testing

conditions and over the speech and noise levels tested in this work,

the main conclusions of this study are summarized as follows: (1)

No low-pass or high-pass filter enhances the intelligibility of speech

in noise relative to unfiltered speech in noise; (2) The intelligibility

of high-pass filtered speech decreases more rapidly with increasing

cutoff frequency as the signal-to-noise ratio is lowered; (3) There

is relatively little increase in speech intelligibility using low-pass

filters having a cutoff frequency greater than about 1.5 kHz; (4) The

listening level preferred by subjects attempting to maximize their

perceived intelligibility of high-pas6 filtered speech in noise is

determined almost solely from the speech level, indepedent of speech-

to-noise ratio. A somewhat similar, although less consistent, effect

is observed for the preferred listening level for speech processed by

low-pass filters; (5) It appears, from the data collected in this study

in comparison to the data collected in an earlier study (4), that

listeners are able to optimize their actual speech intelligibility by

optimizing their perceived speech intelligibility.

An examination of the articulation index (AI) and its relationship

with the experimental data collected in this study has provided a

verification of the data and has provided an additional validation of

the articulation index method. The agreement of the curve of speech

intelligibility versus AI (from Figure 4 in (2)) with the expected

curve (from (15)) indicates not only the reliability of the data in

Figures 1 and 2 but also it indicates that the AI method is applicable

to systems with variable gain. The authors have not found any previous
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reference to the use of the AI with variable gain systems.

From the results of this study, it is possible to predict, using

the AI method, the expected intelligibility for any signal-to-noise

ratio (over the range of signal-to-noise ratios tested) and any high-

pass or low-pass filter (over the range of filters tested). It is

reasonable tQ expect that the results of this study are additionally

applicable over a wide range signal-to-noise ratios and over a wide

range of filter configurations.

III. PROCESSING SPEECH TO ENHANCE 'TS INTELLiGIBILITY IN NOISE

The objective of the second part of this research effort was to

evaluate several frequency domain processing techniques with the goal

of determining a method to enhance the intelligibility of speech in

noise. Through this research effort several f.,equency domain techni-

ques were evaluated. The techniques evaluated included several varia-

tions of methods based upon (a) spectral subtraction, (b) pitch track-

ing, (c) minimum mean-square-error filtering, and (d) INTEL. This later

technique was developed by Weiss, et. al. under Air Force support and

is documented in two reports (10-11). A report by the author provides

some additional insite into and documentation of the INTEL algorithm (12).

The method explored in greatest detail is based upon a combination

of a spectral subtraction technique and a pitch tracking based techni-

que. In Figure 3 (from (3)) is shown a flow diagram for the most

current implementation of this processing technique. The algorithm

involves one forward FFT and one inverse FFT. All processing is done

on the frequency domain signal as shown in Figure 3.

Spectral subtraction is used in the method to remove a significant
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amount of base-line noise while pitch processing is used to remove

noise between pitch harmonics. The method incorporates a pitch track-

ing method based upon a variation in the harmonic sum spectrum proposed

by Noll (13). In addition, it incorporates a voiced/unvoiced detector

(for noisy speech) and different processing for voiced and for unvoiced

speech. The entire algorithm has b'een implemented on a PDP-11/34 com-

puter system using principally FORTRAN program coding.

An evaluation of the processing method was carried out using fif-

teen University students. Tests were conducted at five signal-to-noise

ratios using a testing procedure and test material from Nye and Gaiten-

by (14). Overall the test results showed that the processing method

did not result in an intelligibility enhancement at any signal-to-noise

ratio. This discouraging result is not unlike the results other re-

searchers have obtained with other speech-in-noise processing methods.

A speech processing method which enhances the intelligibility of speech

in noise has yet to be demonstrated. Also, like other speech-in-noise

processing methods, this method does result in an enhancement of the

so called "listenability." In evaluating the results from speech pro-

cessing systems it is often difficult to subjectively separate listen-

ability from intelligibility.

IV. CONCLUSIONS

Through this study, the author of this report and the graduate

students who worked with him accumulated a significantly better under-

standing of the speech in noise problem. Some of this understanding

has been documented in a paper recently submitted for publication (2).

The other research performed under this grant has been documented in
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two recent reports (1,3).

Through the evaluation of the intelligibility of low-pass and high-

pass filtered speech in noise (first part of this study) some fundamental

quantitative data have been obtained for the speech in noise problem.

Even though the goal of determining a speech processing method to re-

sult in an enhancement of the intelligibility of speech in noise was

not met (second part of this study), the results obtained have provided

considerable insite into speech in noise processing methods. Further,

it is this author's belief that additional work with this algorithm

has a significant potential for resulting in a method for enhancing

the intelligibility of speech in noise.

The significance of several speech processing problems treated in

this work should not be overlooked. In particular, the pitch tracking

method developed was qualitatively evaluated and found to be very accur-

rate in spite of the additive noise. In addition, the voiced/unvoiced

detector developed for use with speech in noise was also qualitatively

determined to be quite accurate. Finally, the adaptive technique used

to automatically adjust the process as a function of signal-to-noise

ratio, and the use of separate processing for voiced and for unvoiced

speech are significant contributions of this research.
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Figure 3 - Flow diagram of the algorithm used for processing
speech to result in an enhancement of its intelligi-
bility in noise.
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APPENDIX

Bibliography of papers and reports describing the research per-

formed under this grant. An abstract of each is attached as follows:

Appendix Ai R. J. Niederjohn and D. G. Mliner, "The effects of high-
pass and low-pass filtering upon the intelligibility of
speech in wnite noise," IEEE Transactions on Acoustics,
Speech, and Signal Processing, submitted for publication.

Appendix B, D. G. Mliner, "The measurement and prediction of the effect
of low-pass and high-pass filtering upon the intelligibility
of speech in white noise," Department of Electrical Engin-
eering, Marquette University, Technical Report No. EE-79-2,
1979, (M.S. Thesis).

Appendix C: B. J. Sullivan, "Tntelligibility enhancement of speech in
wide-band random noise by pitch processing and spectral
subtraction," Department of Electrical Engineering,
Marquette University, Technical Report No. EE-79-1-, 1979
(M.S. Thesis).
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APPENDIX A

Abstract of a manusctipt recently submitted to the IEEE Trans-
actions on Acoustics, Speech, and Signal Processing.

THE EFFECTS OF HIGH-PASS AND LOW-PASS FILTERING

UPON THE INTELLIGIBILITY OF SPEECH IN WHITE NOISE

BY

Russell J. Niederjohn and David G. Mliner*

Electrical Engineering Department
Marquette University

Milwaukee, Wisconsin 53233

ABSTRACT

This paper presents the results of a study of the effects
of high-pass and low-pass filtering upon the intelligibility of
speech mixed with additive white noise. Experiments are described
wherein the intelligibility of high-pass and low-pass filtered
speech, at four signal-to-noise ratios is measured with trained
listeners. These perceptual intelligibility results are then
interpreted to provide information concerning the contribution
to intelligibility of various frequency ranges of the speech
spectrum. Finally, the results are examined in realtion to the
articulation index. The perceptual results provide good agree-
ment with the articulation index method and provide an improved
understanding of the speech in noise situation.

* Presently with Rockwell International, Anaheim, California 92803
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APPENDIX B

REPORT* ABSTRACT

Enhancement of the intelligibility of speech in noise is

a complex and unsolved problem. In order to gain some under-

standing of the speech in noise situation, the relative impor-

tance of various frequency ranges to the intelligibility of speech

in noise is investigated in this thesis. Some conclusions which

are drawn for the frequency range and S/N ratios used include:

(1) No high-pass or low-pass filter increases the intelligibility
of speech in noise.

(2) Speech can be low-pass or high-pass filtered at 2500 Hz
without significant loss of intelligibility.

(3) The intelligibility of speech decreases rapidly with
increasing high-pass filter cutoff frequency.

(4) With speech in noise, listeners tend to set the level of
the composite signal based upon the level of the speech,
regardless of the S/N ratio.

The Articulation Index is calculated and validated for the

experimental data gathered in this work.

* D. G. Mliner, "The measurement and prediction of the effect of
low-pass and high-pass filtering upon the intelligibility of
speech in white noise," Department of Electrical Engineering,
Marquette University, Technical Report No. EE-79-2, 1979
(M.S. Thesis).
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APPENDIX C

REPORT* ABSTRACT

The problem of speech rendered unintelligible by the addition

of white noise is considered. A process with the goal of enhanc-

ing the intelligibility of the corrupted speech is developed and

implemented on a digital computer. This implementation is evalua-

ted by comparing the intelligibility of unprocessed speech with

the intelligibility of processed speech at various noise levels.

The results of the evaluation are presented and discussed.

B. J. Sullivan, "Intelligibility enhancement of speech in
wide-band random noise by pitch processing and spectral sub-
traction," Department of Electrical Engineering, Marquette
University, Technical Report No. EE-79-1, 1979 (M.S. Thesis).


